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Reproductive isolation and genetic differentiation
of ferox trout from sympatric brown trout in Loch Awe
and Loch Laggan, Scotland
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Belfast BT7 9BL, N. Ireland, U.K.
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Molecular marker studies reported here, involving allozymes, mitochondrial DNA and micro-
satellites, demonstrate that ferox brown trout Salmo trutta in Lochs Awe and Laggan, Scotland,
are reproductively isolated and genetically distinct from co-occurring brown trout. Ferox were
shown to spawn primarily, and possibly solely, in a single large river in each lake system making
them particularly vulnerable to environmental changes. Although a low level of introgression
seems to have occurred with sympatric brown trout, possibly as a result of human-induced
habitat alterations and stocking, ferox trout in these two lakes meet the requirements for
classiﬁcation as a distinct biological, phylogenetic and morphological species. It is proposed
that the scientiﬁc name Salmo ferox Jardine, 1835, as already applied to Lough Melvin (Ireland)
ferox, should be extended to Awe and Laggan ferox. # 2006 The Authors
Journal compilation # 2006 The Fisheries Society of the British Isles
Key words: LDH; microsatellite; mitochondrial DNA; mixed stock analysis; Salmo ferox;
Salmo trutta.
INTRODUCTION
Ferox are long-lived, late-maturing, piscivorous brown trout Salmo trutta L.
species complex, which, in Britain and Ireland, are often present in large, deep,
glacier-formed lakes containing Arctic charr Salvelinus alpinus (L.) or whiteﬁsh
(Coregonus spp.) (Campbell, 1979; Greer, 1995). These biological characteristics
result in ferox often reaching large sizes with ﬁsh of 5 kg being relatively
common. The oldest conﬁrmed ferox recorded in the U.K. was 23 years of
age (Thorne et al., 2003). Campbell (1971) showed that delayed sexual matura-
tion is an essential prerequisite in the development of ferox life history. This is
presumed to allow the ferox trout to reach a size where other ﬁshes can be
taken as prey, therefore allowing the increased metabolic demand to be met,
and growth rates to be maintained. Indeed, Campbell (1971, 1979) notes that
ferox are initially slow growing but commonly show a sudden rapid increase
in growth when they reach a total length (LT) of 35–40 cm, which appears
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to be the critical size allowing piscivorous behaviour to develop. The current
British record angler-caught brown trout is a ferox of 144 kg taken in Loch
Awe, Scotland, in 2002, and a similar sized ﬁsh was caught in Loch Awe by the
same angler in 2004 but was released so the exact mass is unknown (http://
www.loch-awe.com). Loch Awe has produced many other ferox specimens includ-
ing previous record specimens of 138 kg (2000) and 11 kg (1996). In all lakes,
where ferox occur other brown trout are present in much greater numbers. These
‘normal’ brown trout are relatively short lived and typically mature after 3–4 years
with a maximum mass of c. 2 kg. In some lakes, large brown trout can occur as the
result of eutrophic conditions or unusual feeding opportunities promoting very fast
growth (Campbell, 1979). These brown trout, however, are usually short lived and
early maturing and thus do not fall within the deﬁnition of ferox as applied here.
The question whether ferox are genetically distinct or merely chance individ-
uals of the same population as other sympatric brown trout has puzzled biol-
ogists for some time. It has been suggested by several authors that the ferox
type life history may be at least partly genetically determined (Campbell,
1971, 1979; Greer, 1995). This seems likely, given that age at maturity in brown
trout has been shown to be under genetic control (Alm, 1949; Palm & Ryman,
1999). In Lough Melvin, in north-west Ireland, ferox are sympatric with two
other brown trout types (gillaroo and sonaghen) and are reproductively iso-
lated from these as a result of spatial and temporal separation of spawning
(Ferguson & Taggart, 1991; Ferguson, 2004). Melvin ferox have been found
to be ﬁxed for a mitochondrial (mt) DNA haplotype that is present in very
low frequency in the sympatric types (Hynes et al., 1996). Melvin ferox also
have a signiﬁcantly higher frequency (065) of the lactate dehydrogenase
LDH-C1*100 allele than sympatric brown trout (002) (Ferguson & Mason,
1981; Ferguson & Taggart, 1991). In a number of waters, there appears to
be an association between high LDH-C1*100 allele frequency and the occur-
rence of ferox (Hamilton et al., 1989).
One of the main difﬁculties in attempting a detailed ferox study is obtaining
sufﬁcient specimens. Ferox densities are believed to be low, and their large size
and usual distribution deep in the water column makes angling the only prac-
tical way to obtain ﬁsh. Only a small number of ferox, however, are caught
from any lake in a single year even by anglers specializing in ferox capture.
The ability to obtain DNA from scales (Nielsen et al., 1997, 1999) has opened
up the possibility of examining historical collections. Also, the ability to use
ethanol-preserved biopsies such as adipose ﬁn clips enables biopsy specimens
to be obtained without sacriﬁcing the ﬁsh.
The aim of this study was to determine if ferox are reproductively isolated
from sympatric brown trout in Lochs Awe and Laggan. This is approached
using LDH-C1*, mtDNA and microsatellite molecular markers.
MATERIALS AND METHODS
SAMPLE COLLECTION
The study involved two large freshwater lakes in mid-western Scotland, Loch Awe
(56°209 N; 5°109 W) and Loch Laggan (56°559 N; 4°259 W). Samples of juvenile brown
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trout from spawning streams were collected by electroﬁshing from eight Awe and four
Laggan rivers. In all cases, sampling was spread out over several hundred metres and
multiple cohorts were sampled to reduce family sampling bias. Details of rivers sampled
and associated number of specimens per river analysed are included in the appropriate
tables of results.
Lake-caught brown trout individuals were deﬁned as ferox if they were 5 years of
age. It is generally rare to ﬁnd brown trout of this age in most Scottish lakes (Campbell,
1971). Age data were obtained from all potential ferox samples by scale and otolith
readings. For lake-caught ferox, 11 specimens of frozen eye-tissue, one ethanol-preserved
adipose ﬁn clip and 35 dried scale sets were available for Loch Awe (total n ¼ 47).
From Loch Laggan, nine ethanol-preserved adipose ﬁn clips and 20 dried scale sets
(total n ¼ 29) were available. For comparison with ferox, younger brown trout (i.e.
4þ years) (n ¼ 94) were obtained by gillnetting at several sites in Loch Awe, using
a standardized multi-panel Nordic monoﬁlament gillnet, with mesh-sizes ranging from
8 to 55 mm. Five areas were sampled, with nets being set at a range of depths in each
area, in order to provide a range of geographic locations and habitats throughout
the lake.
Since scale samples could only be used for microsatellite analysis, the DNA being
too degraded for the large fragments in this polymerase chain reaction–restriction
fragment length polymorphism (PCR-RFLP) analysis, ethanol-preserved tissue could
only be used for DNA analysis, and as some older frozen tissues were unsuitable for
mtDNA analysis, not all individuals or samples could be analysed for all three molec-
ular marker types.
DNA EXTRACTION
DNA extraction from the frozen or ethanol-preserved tissues followed the method
described by Taggart et al. (1992). This extraction procedure, however, was found to
be inadequate for scale specimens, which are usually associated with a very small
amount of tissue. For these specimens, an alternative DNA extraction protocol specif-
ically developed for scales was used, which involved recovering DNA by spinning
through Microcon 50 microconcentrator tubes (Amicon PLC), rather than by ethanol
precipitation (Nielsen et al., 1997).
TYPING OF LDH-C1* ALLELES
Where frozen eye-tissue was available, allozyme variation was assessed by starch gel
electrophoresis following the screening methodology described by Taggart et al.
(1981). For the DNA extracted from adipose ﬁn samples, LDH-C1* typing was carried
out using the PCR-RFLP protocol developed by McMeel et al. (2001). For DNA ex-
tracted from scale samples, however, PCR ampliﬁcation could not be reliably obtained
following this protocol. The original primer set described in McMeel et al. (2001) am-
pliﬁes a 440 base pair (bp) fragment containing the informative restriction site, which
allows for the LDH-C1* typing. DNA extracted from scale samples is often highly
degraded and thus usually not suitable for PCR ampliﬁcation of large fragments
(i.e. >200 bp). To overcome this problem, a new primer set was designed based on
the original sequence data of McMeel et al. (2001) for the LDH-C1* diagnostic
DNA region (GenBank Accession Nos. AJ277711 and AJ277710). The new primer
set (i.e. LDH-C1F 59-CCA TTA GAT CTA TTA ATG ATA TGA CA-39 and
LDH-C1R 59-CTC CCT CCT GCT GAC GAA-39) ampliﬁes a 150 bp fragment,
which contains the informative restriction site 80 bp from the reverse primer. LDH-
C1* typing for scale samples using the new primer set was successfully tested on ref-
erence scale DNA specimens from ﬁsh previously typed by the allozyme method.
Additional LDH-C1* data for some Laggan river samples were available from McMeel
(1996).
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MITOCHONDRIAL DNA SCREENING
MtDNA PCR-RFLP screening of the ND1 and ND5/6 regions was carried out using
brown trout primer sets (unpubl. data). PCR reactions were carried out in 50 ml vol-
umes containing 1X Invitrogen Taq polymerase buffer, 100 ng of each primer, 200
mM of each dNTP, 20 U Taq polymerase (Invitrogen), 2 mM (ND1) or 25 mM
(ND5/6) MgCl2 and 100 ng genomic DNA. PCR cycling parameters consisted of 94°
C for 5 min, 30 cycles of 1 min at 94° C, 1 min at the annealing temperature (60° C
and 63° C for the ND1 and ND5/6 primer sets, respectively) and 2 min 30 s at 72° C,
followed by a ﬁnal extension at 72° C for 10 min. The ND1 ampliﬁed mtDNA frag-
ment was digested with the restriction endonucleases AvaII, HaeIII, AluI and HpaII
while the ND5/6 fragment was digested with AvaII, XbaI, HinfI, HaeIII, DdeI and TaqI.
These enzymes have been shown to reveal polymorphisms in these two mtDNA regions
in previous brown trout studies (Hynes et al., 1996; unpubl. data). Restriction digests
were carried out in 1 ml volumes using 6–8 ml of the ampliﬁed product and 3 U of
restriction enzyme. Restriction fragments were visualized under UV light on 25% aga-
rose gels stained with ethidium bromide.
MICROSATELLITE SCREENING
Genetic diversity within and among samples was assessed using ﬁve microsatellite loci
as follows: SSOSL311 and SSOSL417 (Slettan et al., 1995); Ssa407UOS (Cairney et al.,
2000); Ssa197 (O’Reilly et al., 1996) and SSsp2201 (Paterson et al., 2004). Microsatellite
screening was performed on a LiCor 4200 dual laser model DNA analyser using ﬂuo-
rescently (infra red dye-IRD) end-labelled primers. Single locus PCR ampliﬁcations
were carried out in 12 ml reaction volumes containing 05 U of Promega Taq DNA
polymerase, 1X Promega Taq polymerase buffer, 15 mM MgCl2, 100 mM dNTP,
1–5 pM of each microsatellite primer and 50–100 ng template DNA. PCR cycling con-
ditions varied according to the source of DNA material (Table I). Following PCR, 4 ml
of stop solution (95% Formamide, 10 mM NaOH, 10 mM EDTA, 001% Pararosan-
iline) was added to each reaction. Reactions were subsequently denatured at 80° C for
3–4 min, and 1 ml was loaded into 25 cm 6% 1X TBE polyacrylamide gels mounted on
a Li-Cor system. DNA size-standard ladders for the Li-Cor system (MicroStep-20a,
Microzone) were run adjacent to the specimens (i.e. every 15 specimens) to assist with
sizing of resulting allelic fragments. Gels were run at a constant power of 40 W and at
a temperature of c. 50° C for 1–2 h. Genotypic scoring was carried out using Gene Pro-
ﬁler (Scanalytics Inc., Fairfax, VA, U.S.A.).
STATISTICAL ANALYSES
Pair-wise exact tests for LDH-C1* allelic frequency heterogeneity were carried out
using the ARLEQUIN package (Schneider et al., 2000). MtDNA haplotype frequency
heterogeneity was determined using the test described by Goudet et al. (1996) at 1000
permutations.
Descriptive statistics for each sample screened for microsatellites were obtained from
the MS-Excel MICROSATELLITE TOOLKIT (Park, 2001). The GENETIC DATA
ANALYSIS (GDA) software package (Lewis & Zaykin, 2001) was used to calculate
overall and pair-wise FST values according to Weir & Cockerham (1984). Signiﬁcance
of the FST values were tested by bootstrapping (among loci) and by permutation (indi-
viduals among samples) using the programme FSTAT (Goudet, 2001). S.E. estimates for
each calculated FST value were obtained by jackniﬁng over populations as implemented
in the GDA programme. GDA was also used to test genotypic frequencies for confor-
mance with Hardy–Weinberg expectations (Guo & Thompson, 1992). Where signiﬁcant
deviations were observed, further tests for heterozygote deﬁcit or excess were applied,
using GENEPOPv31 (Raymond & Rousset, 1995). When testing for Hardy–Weinberg
equilibrium, P values were corrected across loci within samples using the sequential
Bonferroni technique described by Rice (1989).
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To examine the relationship among individual ferox from each lake and juveniles
from the rivers, two alternative statistical approaches were applied. First, individual
assignment (Paetkau et al., 1995) of ferox specimens was carried out, with the spawning
river population samples used as baseline data for potential source populations. The
frequency-based approach implemented in GENECLASS 10 (Cornuet et al., 1999)
was used. A simulation option in GENECLASS was also employed, which determines
the conﬁdence with which possible source populations can be excluded. This was done
by randomly generating 10 000 individual multilocus genotypes to give a frequency dis-
tribution of assignment values. The assignment value of a speciﬁc individual was then
compared to the simulated distribution and if the value was <1% probability the indi-
vidual was rejected from the population. GENECLASS was also used to assess how
discrete the spawning stream population samples were from one another by examining
how well the individuals assigned to their original sample of origin.
Secondly, a mixed stock analysis method (MSA) was used to ascertain the origin of
the lake-caught ferox individuals from both Awe and Laggan. Ferox individuals caught
in each lake were used as the mixed sample with the river population samples as the
baseline samples. The Bayesian procedure for the analysis of stock mixtures developed
by Pella & Masuda (2001) was employed, as implemented in their programme BAYES.
For the Awe data set, eight chains of samples (one for each baseline river stock) were
generated. Each chain was started by assuming that a particular population contributed
95% of the stock mixture, while the other seven contributed equal parts of the remain-
der (5%). That is, each river population was considered in turn as the largest contrib-
utor to the ferox stock mixture. The eight chains were run until reaching convergence.
The same approach was used for the Laggan samples, with only four chains of samples
being generated.
RESULTS
LDH-C1* ALLELE FREQUENCIES
Frequencies of the LDH-C1*100 allele are given in Table II. For Loch Awe,
the sample of lake-caught ferox individuals had a signiﬁcantly higher (P <
0001) LDH-C1*100 frequency (066) compared to the random sample of youn-
ger brown trout from the lake (034) and to all of the river samples (024–033).
For Loch Laggan, the ferox sample had a signiﬁcantly higher (P < 0001) LDH-
C1*100 frequency compared to all of the river samples. Numerically, however,
TABLE II. LDH-C1*100 allelic frequencies in samples from the Awe and Laggan systems.
Frequencies for Laggan rivers, other than Pattack, are from McMeel (1996)
Loch Sample n LDH-C1*100 frequency
Awe Ferox (lake caught) 45 066
Lake brown trout 4 years 94 034
River Awe 33 026
River Liever 27 024
River Cladich 52 033
Laggan Ferox (lake caught) 25 096
River Pattack 23 082
River Chrannaig 48 046
River Choire Chomharsain 50 046
River Coire Choille-rais 55 046
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the frequency (096) was much closer to the Pattack sample (082) than to the
other three rivers (046), which were signiﬁcantly different from the Pattack.
MITOCHONDRIAL DNA ANALYSES
Signiﬁcant heterogeneity in mtDNA haplotype frequencies (Table III) was
found between Awe ferox and younger lake-caught brown trout (P < 001).
Awe ferox were also signiﬁcantly different from the river samples (P < 001)
with the exception of that from the River Awe (P > 005). Signiﬁcant hetero-
geneity in mtDNA frequencies was found between Laggan ferox and rivers
Chrannaig and Choire Chomharsain (P < 001), with the River Pattack sample
also being signiﬁcantly different from these two river samples (P < 001). Awe
ferox were characterized by a high frequency (070) of haplotype QUB76,
which was also present at a high frequency (092) in the River Awe sample
and at a signiﬁcantly lower frequency (026) in the younger brown trout from
the lake. Haplotype QUB76 was absent in other Awe rivers with the exception
of the Orchy system (frequency 007), the geographically closest river to the
River Awe. Both Loch Laggan ferox and River Pattack samples had a signiﬁ-
cantly higher frequency of haplotype QUB76 compared to the other rivers
(Table III).
MICROSATELLITE SCREENING
All loci were highly polymorphic with from 18 alleles (Ssa197) to 46 alleles
(407UOS) observed per locus over all samples (see Appendix for frequencies).
There were only ﬁve cases of a locus departing signiﬁcantly from Hardy–
Weinberg expectations in the individual Awe and Laggan samples out of a total
of 75 comparisons. Heterogeneity of allele frequencies was found among both
Awe and Laggan samples. Thus, overall signiﬁcant FST values (P < 005) were
observed among Laggan (0060; 95% CI ¼ 0041–0088) and Awe samples
(0034; 95% CI ¼ 0024–0044), indicating signiﬁcant population structuring
in each lake. The absolute FST value among the Laggan samples was roughly
twice of that observed among the samples from Awe, suggesting a higher
degree of genetic differentiation in the Laggan system.
The lowest pair-wise FST values were observed between ferox and the River
Awe sample (001) in the Awe system and between ferox and the River Pattack
sample (0001) in the Laggan system. While the former FST value is signiﬁcant
(P < 005), the latter comparison was not signiﬁcantly different from zero and
these samples have several similarities that mark them apart from the other
Laggan river samples. For example, at the SSOSL311 locus, both samples
had the 136 allele at high frequencies (>06), whereas the frequencies in the
other river samples ranged from 014 to 034 for this allele. At the SSsp2201
locus, the other rivers displayed moderate frequencies of the 198 and 202 alleles
(021–031 and 011–021, respectively), which were either absent or occurred at
frequencies <002 in the ferox and Pattack samples.
Using the self-assignment procedure, overall 72% of individuals in Laggan
samples assigned to their correct samples of origin. Of the remaining indivi-
duals, 21% variously assigned to the other three population samples while 7%
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were not assigned to any of the samples. Furthermore, in the large majority of
the cases (>80%), the probability of assignment was relatively high (>07).
Even in the instances where the actual probability values were <05, the prob-
ability of belonging to alternative samples was in average ﬁve to 20 times
smaller. The Rivers Pattack and Coire Choille-rais samples displayed the high-
est level of self assignment (78%), suggesting that these are the most genetically
differentiated populations in that system. When the ferox individuals were sub-
ject to assignment analysis, the majority (78%) assigned to the River Pattack.
Remaining ferox assigned to Coire Choille-rais (18%), with only a single indi-
vidual assigning to Choire Chomharsain (4%), and none to Chrannaig.
Not surprisingly given the lower overall genetic differentiation, assignment
values for the river samples from the Loch Awe system were lower than those
for the Laggan samples, with a mean value of 55%, while of the remaining in-
dividuals 40% assigned to other population samples and 5% were not assigned
to any sample. As observed for the Laggan samples, however, the probabilities
of individual assignment were high. The samples from Rivers Awe and Avich
showed the highest self assignment (70% and 68%, respectively). Half of the
ferox assigned to the River Awe sample (52%) with the second highest assign-
ment value (15%) being to the Cladich. For the remaining ferox, one to three
individuals assigned to each of the other river samples.
In the MSA, for the Awe data set, a total of 7000 Markov Chain Monte
Carlo (MCMC) interactions were required for each of the eight chains to reach
convergence. Following the recommendations of Pella & Masuda (2001), the
samples from the second halves of each chain were pooled to represent 31
500 draws from the posterior distribution. For the Laggan data, only 2812
MCMC interactions were required for the four chains to reach convergence.
Thus, the combined results for this data set are based on 5624 MCMC inter-
actions. Following the preliminary run of the BAYES programme, seven and
ﬁve individuals, respectively, from the Awe and Laggan ferox samples were
found to possess alleles not observed in any of the baseline stocks, and these
individuals were removed from subsequent analysis. The results for the
MSA, summarized in the form of several statistics (Pella & Masuda, 2001),
are displayed in Table IV. In the Awe system, the River Awe contributed some
89% of the ferox with not more than 3% from any of the other rivers. In the
Laggan system, 97% of the ferox was derived from the River Pattack, in keep-
ing with the greater genetic similarity of these two samples as noted above.
Since this study was completed, a tissue sample from the current (2002) Brit-
ish record brown trout from Loch Awe became available. This was also found
to be a LDH-C1*100/100 homozygote and mtDNA haplotype QUB76 (R. Hynes,
pers. comm.).
DISCUSSION
Analyses involving LDH-C1*, mtDNA and microsatellites all indicate that
ferox, in both Loch Awe and Loch Laggan, are reproductively isolated and
genetically distinct from sympatric brown trout. This is similar to the situation
in Lough Melvin where ferox are reproductively isolated from the sympatric
gillaroo and sonaghen brown trout types (Ferguson & Taggart, 1991). In Melvin,
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the difference in frequency of the LDH-C1*100 allele between ferox and sym-
patric brown trout is greater than either Laggan or Awe. Thus, in Melvin,
LDH-C1*100 is present at a frequency of 065 but is virtually absent (<002)
in the other brown trout types (Ferguson & Taggart, 1991). In Laggan and
Awe, the differences in frequency between ferox and other brown trout are
05 and 037. The mtDNA haplotype QUB76 is ﬁxed in Melvin ferox (Hynes
et al., 1995, 2005) compared to the frequencies found here of 088 and 07 in
Laggan and Awe ferox, respectively. The microsatellite-based FST between ferox
and sympatric brown trout again shows the highest value for Melvin (017 and
014 with gillaroo and sonaghen, respectively) (McKeown, 2005) with Laggan
and Awe being lower (009 and 005, respectively). Assuming a common ferox
ancestor, the differential convergence of allele and haplotype frequencies sug-
gests that effective interbreeding (i.e. gene ﬂow) has been greater in Awe than
in Laggan and greater in Laggan than in Melvin. Assuming an island model of
population structure, however, it should be emphasized that a high level of
reproductive isolation must occur in all three lakes as much more than one
effective migrant per generation would result in virtually no frequency differen-
tiation for neutral alleles (Wang, 2004).
The differences in relative, albeit very low, levels of gene ﬂow in the three
lakes may possibly be related to the extent of human-induced inﬂuences on
these lakes. Population structure in brown trout is maintained largely by accu-
rate natal homing (Ferguson, 1989), although temporal and behavioural isola-
tion may also be important. Thus, where natal spawning grounds are
destroyed, or become inaccessible, brown trout may be forced to spawn in
a non-natal area. Artiﬁcially stocked brown trout without a natal home may
spawn at random and form a bridge between reproductively isolated popula-
tions. Melvin is still in a relatively pristine state and has not been subject to
artiﬁcial stocking of brown trout or modiﬁcations to the rivers (Ferguson,
TABLE IV. Mean  S.D. estimated contribution, and empirical percentiles for the
parameters of the posterior distribution for Awe and Laggan river populations
contributing to the lake ferox sample, based on MSA analysis of microsatellite data
Loch Population Mean  S.D.
Posterior quantiles
250% Median 9750%
Awe River Awe 089  006 07469 09014 09839
River Teatle 001  002 00000 00001 00828
River Cladich 001  002 00000 00001 00759
River Kilchrennan 001  003 00000 00006 00893
River Avich 001  002 00000 00001 00808
Trap River 003  004 00000 00108 01397
River Liever 001  002 00000 00003 00855
River Clachandubh 001  003 00000 00009 01209
Laggan River Pattack 097  005 08228 099 10000
River Coire Choille-rais 001  003 00000 00001 01238
River Choire Chomharsain 001  003 00000 00001 00944
River Chrannaig 001  002 00000 00006 00812
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2004). While there are no records of Laggan having been stocked, the outﬂow-
ing river has been altered to some extent by a hydro-electric dam, which was
constructed in 1926 (Gazetter for Scotland, 2004). The Pattack also receives
artiﬁcial ﬂows of water via a pipeline from the adjacent Spey catchment. Dur-
ing sample collection for the current study, a single Atlantic salmon Salmo salar
L. parr was found in the River Pattack even though waterfalls below Loch
Laggan prevent migrating adult Atlantic salmon from entering the system. This
suggests that ﬁsh movement may take place through the water pipe, which may
also allow artiﬁcial gene ﬂow from Spey brown trout. Overall, however, these
changes are likely to have had relatively limited impact on the River Pattack
spawning grounds.
The Awe catchment has been sporadically stocked with non-native brown
trout in the past, although the full extent and impact of this stocking is
unknown (A. Kettle-White, pers. comm.). The River Awe, which this study
has shown to be the main, if not sole, spawning river for ferox, has been exten-
sively modiﬁed by a hydro-electric barrage. While the dam is ﬁtted with a Bor-
land ﬁsh pass to allow adult Atlantic salmon and anadromous brown trout (sea
trout) to ascend the river, it is not known whether juvenile brown trout would
be able to use the lift effectively. Furthermore, the ﬂooding resulting from the
barrage is thought to have destroyed many suitable spawning sites, which
would presumably have been used by ferox.
This study provided clear evidence that Loch Laggan ferox arise predomi-
nantly, if not solely, from the River Pattack. While the results are not so clear-
cut for Loch Awe, ferox appear to spawn to the greatest extent in the River
Awe. The ﬁnding that most ferox originate from the River Awe is also sup-
ported by anecdotal evidence suggesting that large brown trout used to be
observed spawning there. Greer (1995) cites several examples of large ferox
(10 kg) having been found in or below the barrage on the River Awe. In
addition, a ﬁsh counter on the dam at the lake outﬂow often records signiﬁcant
numbers of large ﬁshes descending the river in spawning season, at a time when
most Atlantic salmon and sea trout are ascending the river (A. Stephen, pers.
comm.). In Lough Melvin, it has been demonstrated that reproductive isolation
is produced by ferox spawning in a single river (Glenaniff), speciﬁcally in the
lower and deeper section of the river and earlier in the autumn than sonaghen,
some of which also spawn in this river (Ferguson & Taggart, 1991; Ferguson,
2004). The Pattack and Glenaniff are the largest inﬂowing rivers in the Laggan
and Melvin systems, respectively. The River Awe is the outﬂowing river of the
Awe system. There is evidence, however, that in the immediate post-glacial
period it could have been an inﬂowing river with the outﬂow being at the
opposite end of the lake (http://www.loch-awe.com/history/glacier.htm).
As ferox appear to be restricted to a single spawning river population in each
lake, they are potentially much more vulnerable than the other sympatric
brown trout that spawn in several rivers. Total population sizes are also con-
sidered to be small relative to non-ferox brown trout in these lakes. Although
there is no evidence of reduction in genetic diversity in ferox from Awe and
Laggan, Melvin ferox show substantially reduced genetic diversity compared
to sympatric sonaghen and gillaroo (Ferguson & Taggart, 1991; McVeigh
et al., 1995; McKeown, 2005). Increasingly, these specimens are being targeted
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by anglers. While catch and release is now common with dedicated ‘ferox hunters’,
an angler catching a ‘lifetime best’ specimen may be reluctant to release it. The
identiﬁcation of ferox spawning rivers should enable habitat and other manage-
ment work to be appropriately targeted and also allow potential threats to
these ferox populations to be recognised.
Ferox in Awe, Laggan and Melvin are characterized by ﬁxation or a rela-
tively high frequency of the mtDNA haplotype QUB76. This haplotype be-
longs to one of seven mtDNA lineages that have been found in brown trout
in Britain and Ireland (unpubl. data). Thus, these three ferox populations
are derived from a common ancestral mtDNA lineage, and a different lineage
from those found in sympatric non-ferox brown trout. That is, ferox in these
lakes are likely to be monophyletic and, thus, genetically more similar to each
other than to sympatric brown trout. Introgression, probably in recent times,
has resulted in other lineages being present at low frequency in Awe and
Laggan ferox.
Ferox were originally described as a separate species of brown trout, Salmo
ferox, by Jardine (1835) based on specimens from Lochs Awe, Laggan, Assynt,
Loyal and Shin in Scotland. Most biologists in the 20th century, however, re-
garded ferox as simply large brown trout and ferox were ‘lumped’ with other
trout as S. trutta. ‘Lumping’ all morphotypes of brown trout under this single
species is considered by Kottelat (1997) to be a simplistic concept ‘because it
hides much of what is now known of trout diversity’. As ferox in Awe and
Laggan are reproductively isolated from sympatric brown trout, they qualify
as distinct species under the biological species concept. Although a low level
of interbreeding appears to have occurred, this introgression seems to have
been relatively recent and as a result of human-induced environmental changes.
As noted above, Melvin, Awe and Laggan ferox appear to be monophyletic
and thus meet the requirements of a phylogenetic species. Ferox are distinct
in their morphology (Greer, 1995) with even parr being recognizable as ferox
in Melvin as the result of several morphometrics, especially relative head meas-
urements (Cawdery & Ferguson, 1988). Based on similar arguments, ferox
from Lough Melvin have previously been designated as a separate species using
the original S. ferox designation (Ferguson, 1986, 2004; Kottelat, 1997). Thus,
ferox in Awe and Laggan should be regarded as conspeciﬁc with Melvin ferox,
as should ferox in other lakes where they are shown to be reproductively iso-
lated from sympatric brown trout and are monophyletic with Melvin, Awe and
Laggan ferox. It should be emphasized, however, that brown trout conserva-
tion activities should ideally be based on local populations and communities
rather than formally described taxa (Ferguson, 2004).
Many biologists and angling writers (Frost & Brown, 1967; Bucknall, 2000)
have considered ferox to be simply large brown trout, i.e. particular individuals
within a single brown trout population that have by chance adopted a piscivo-
rous life style. Under this view no special conservation is required as ferox
would continue to be produced from the general brown trout population in
a lake providing a suitable food supply is available. The demonstration of clear
genetic differentiation resulting from reproductive isolation and the resurrec-
tion of species status should serve to highlight the conservation needs of ferox
in Lochs Awe and Laggan. Thus, their small population size, limited spawning
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area, and late maturity make them particularly vulnerable. While ferox angling
is pursued by relatively few anglers, the extent to which ferox are being specif-
ically targeted appears to be increasing. Appropriate management actions need
to be taken to conserve this unique element of freshwater ﬁsh biodiversity.
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